Anthropogenic warming of Western V sea surface temperatures contributed to East African drought. Extremely warm (FAR = 1) Western V SST doubled the probability of drought, contributing to widespread food insecurity.
INTRODUCTION. During March-June (MAMJ)
2017 East Africa (EA; 35°-50°E, 12°S-9°N) experienced an extensive drought across Tanzania, Ethiopia, Kenya, and Somalia that contributed to extreme food insecurity (Funk et al. 2018 , hereafter F18) approaching near-famine conditions (FEWSNET 2017a; FSNAU 2017) . Effective forecasts, monitoring, and mitigation by the Intergovernmental Authority on Development (IGAD) Climate Predictions and Applications Centre and international partners (FEWSNET 2017a) motivated effective humanitarian responses. When the 2017 MAMJ rains failed, humanitarian assistance was already arriving, stabilizing food prices (FEWSNET 2017b) .
Climate simulations indicate (F18) that strong El Niños may often be followed by exceptional warming in the western Pacific, creating the potential for northeastern Ethiopian/southern African droughts followed by La Niña-like dry conditions during October-December and MAMJ in eastern EA, as in 1999 EA, as in -2001 EA, as in , 2010 EA, as in /11, and 2016 . While 2016 OctoberDecember precipitation deficits do not appear to be significantly influenced by climate change (Uhe et al. 2018) , prior research finds that human influence increased the probability of drought during the last severe drought in 2011 (Lott et al. 2013) .
Here, we examine EA climate trends and drivers ( Fig. 1 ) and then formally attribute the 2017 EA rainfall deficits and SST extrema (Fig. 2) . Figure 1a shows standardized EA rainfall anomalies based on the 1900-2014 Centennial Trends (CenTrends; Funk et al. 2015b ) dataset and 2015-17 Climate Hazards group Infrared Precipitation with Stations (CHIRPS; Funk et al. 2015c) values. As noted by many authors (Funk et al. 2005; Williams and Funk 2011; Lyon and DeWitt 2012; Nicholson et al. 2012; Funk et al. 2013; Hoell and Funk 2014; Liebmann et al. 2014; Lyon 2014; Nicholson 2014; Yang et al. 2014; Nicholson 2016; Hoell et al. 2017; Liebmann et al. 2017; Nicholson 2017; Funk et al. 2018 ) and many datasets (Sun et al. 2018) , EA has experienced a large increase in the frequency of droughts. Since 1999 only two EA MAMJ seasons were above normal. Figure 1b also shows EA data from the Global Precipitation Climatology Centre (GPCC; Schneider et al. 2014 ) and a new Ethiopian dataset created by combining CHIRPS with ~150 quality-controlled gauge observations. These also indicate substantial severe declines. Note that the EA region presented is very large and may not be homogeneous across the entire domain S1 or MAMJ season (Nicholson 2017) , but most of this region has experienced substantial declines (Funk et al. 2015b) , and analysis of a more homogeneous eastern EA region identifies similar changes (F18).
EA MAMJ RAINFALL TRENDS.
Several recent studies (Lyon 2014; Yang et al. 2014) have suggested that Pacific decadal variability ) primarily accounts for the recent decrease in rainfall. These studies, however, are based on analyses of detrended EA precipitation. These trends are large (Funk et al. 2015b; Nicholson 2017 ) and should not be discounted. The red line in Fig. 1b shows an estimate of the EA rainfall trend based on a regression with the west Pacific warming mode-the first principal component of global SST after the influence ENSO has been removed (Funk and Hoell 2015) . It has been shown that increases in this mode have been associated with an enhanced Walker circulation, drying over East Africa, and a characteristic "Western V" Pacific SST warming pattern Hoell 2015, 2017) . The so-called Western V stretches poleward and eastward from a point near the Maritime Continent (Fig. 1d) . Our EA trend estimate indicates a −0.5Z decline between 1900 and 2017 (throughout Z stands for standardized anomaly or Z score). CenTrends and GPCC residuals from this trend mode (Fig. 1c) also exhibit similar and substantial decadal variations. Between 1900 Between -1919 Between and 1998 Between -2017 , the observed EA time series declines from +0.3Z to −0.5Z; ~0.5Z of this decline may be associated with the trend mode, and ~0.3Z may be associated with decadal changes.
We can explore these changes further by compositing (Figs. 1d,e) Extended Reconstructed SST version 4 (ERSSTv4; Huang et al. 2015) standardized MAMJ SSTs and NCEP-NCAR Reanalysis 1 200-hPa heights for recent EA drought years (stars in Fig. 1a) . We see a distinct Western V structure and a La Niña-like temperature dipole in ocean temperatures (Fig. 1d) . In the upper atmosphere we find La Niña-like upperlevel cyclonic lows over the equatorial eastern Pacific. Poleward of these lows we also see upper-level height increases (Fig. 1e) . These height gradients produce vigorous easterly disruptions of the subtropical westerly jet that converge near the date line, enhancing subsidence, decreasing precipitation over the central equatorial Pacific (F18), and enhancing the Indian Ocean branch of the Walker circulation (Williams and Funk 2011; Liebmann et al. 2014 Liebmann et al. , 2017 . See upper-level winds and velocity potential changes in Fig. ES1 in the online supplemental material.
Observed SST from the western equatorial Pacific (WEP; 20°S-20°N, 120°-170°E) and western North Pacific (WNP; 13°-30°N, 160°E-140W°) have experienced very large increases (>+0.6Z) since the 1950s (Figs. 1f,g ) that track closely with estimates from a multimodel CMIP5 climate change ensemble (see Table ES1 in the online supplemental material). According to ERSSTv4, 2017 MAMJ WEP and WNP SST values were the second warmest or warmest on record. This is consistent with WEP/WNP warming that tends to follow strong El Niños (F18); since 1981, large jumps in west Pacific SST have followed in six out of the eight strongest El Niños. As recently noted (Newman et al. 2018) , the 2015/16 El Niño produced exceptionally warm Niño-4 SSTs.
Upper-level midlatitude Pacific height fields from five reanalyses (Figs. 1h,i) indicate enhanced ridging to the northeast and southeast of the Western V SST anomalies. Such ridging would enhance the impact of La Niña-like upper-level equatorial lows, diverting the subtropical westerly jet and increasing subsidence near the date line (Fig. ES1) . Composites of the differences in the Community Atmosphere Model version 5 (CAM5) upper-level height and winds (Fig. 1j) during strong versus moderate WNP events (see F18) emphasize how such remote height changes modulate the Walker circulation by enhancing date line subsidence.
These observational results (Fig. 1) indicate that EA MAMJ droughts are associated with warm WNP/WEP SST and stronger Walker circulation anomalies.
SST AND PRECIPITATION ATTRIBUTION.
We next use simulations from the Community Earth System Model version 1 (CESM1; Hurrell et al. 2013) to examine WEP/WNP SST extremes and EA rainfall. The CESM1 represents mean SST conditions and ENSO variations well (Flato et al. 2013; Hurrell et al. 2013) . CESM1 west Pacific warming trends and the associated negative teleconnection to EA rainfall is similar to that found in observations (Funk and Hoell 2017) .
To characterize 2017 WEP and WNP SST, we use 40 "historic" simulations for 2016, 2017, and 2018; these realizations represent a world with climate change. These simulations can be contrasted with simulations representing preindustrial conditions (Figs. 2a,b) , identifying substantial warming. Note that that the historic CMIP5 multimodel ensemble also indicates rapid warming in these regions [Figs. 1f, g and Table ES1 ; see also Table 7 of Funk et al. (2018) ]. The influence of climate change, measured by the fraction of attributable risk (FAR), can be defined as FAR = 1 − (P 0 /P 1 ), where P 0 is the modeled probability of the event in a climate without anthropogenic influence, and P 1 is the probability in a climate with anthropogenic influence (Allen 2003; Stott et al. 2004) . Here, the FAR values are 1 in both cases. These temperature extremes would be extremely unlikely without human-induced climate change.
We next use the CESM1 to explore "Western V gradient" (WVG) impacts. This approach is similar to previous attribution analyses (Funk et al. 2015a) based on the WPG, except that we extend the gradient definition to incorporate the WNP, since extratropical heating and height disruptions (Figs. 1d,e) help intensify the Walker circulation (Fig. 1j) , producing subsidence over EA (Fig. ES1) . Note that we use the precipitation simulations directly, rather than using a statistical "two-step" approach. The WVG is defined as the standardized difference between Niño-4 and Western V SST: WV = [Z(WEP) + Z(WNP)]/2, where Z() denotes standardization. The core of our attribution analysis is that we use the modeled EA CESM1 rainfall distributions to evaluate the impact of the WVG.
Most WVG values since 1999 have been below normal, and the 2017 WVG value was −1.4Z, indicating a strong gradient. The 2017 season, however, stands out as unique, given that it also exhibited warm (+0.8Z) Niño-4 SST conditions. Extreme Western V SST coexisted with modestly warm east Pacific SST (F18). While such a unique event is hard to evaluate using observations, F18 suggests that CESM1 simulations indicate substantial increases in the frequency of very warm west Pacific SSTs (see Fig. 9I in F18) , as do all the CMIP5 models (as in Table 7 in F18 and Table ES1 herein). Here we contrast similar events (WVG values of <−1Z and Niño-4 SST between 0 and +1Z; 43 events between 2016 and 2018) with similar preindustrial conditions absent Western-V warming (Niño-4 SST between 0 and +1Z; 674 events).
Examining the precipitation differences, we find a La Niña-like precipitation response (Fig. 2d) , despite neutral-warm Niño-4 SST. In the presence of extreme Western V warming we find dry EA conditions, event without cool La Niña SST. Figure 2c expresses this tendency using EA rainfall distributions based on the S4 DECEMBER 2018 | 43 and 674 2016-18 and preindustrial analog events. Warm "Western V" conditions double the probability of EA droughts. Approximately one-half (49%) of the 2016-18 versus one-quarter (26%) of the preindustrial simulations were dry (<−0.5Z). The simulations indicate that strong WVG conditions, produced by exceptionally (FAR = 1) warm WEP and WNP SST, doubled the chance of EA experiencing a drought in 2017. It should be noted, however, that this study relies on a single model. The National Academies recommends the use of a multimethod or multimodel approach (National Academies of Sciences 2016); as more large ensembles become available, this approach will be expanded. Here, we have shown that warm WV SST can produce EA drying on decadal (Fig. 1) and seasonal (Fig. 2) 
